All picornaviral genes are expressed as a single, large polyprotein, which is proteolytically processed into the mature proteins. Cell-free translation of foot-and-mouth disease virus (FMDV) RNA in a rabbit reticulocyte system produces functional proteins, including viral protease 3C, which plays a major role in processing the precursor proteins. To study the function of the two putative proteases 3C and leader (L) in processing, we constructed several cDNA plasmids encoding various regions of the FMDV type A12 genome. These plasmids, containing FMDV cDNA segments under the control of the T7 promoter, were transcribed in vitro by using T7 RNA polymerase and then translated in rabbit reticulocyte lysates. The expressed FMDV gene products were identified by immunoprecipitation with specific antisera and analyzed by gel electrophoresis. The results demonstrate the following: (i) the leader protein, L, is processed from the structural protein precursor, P1, in the absence of any P2 or P3 region proteins; (ii) protein 2A remains associated with the structural protein precursor, P1, rather than the precursor, P2; (iii) the processing of the P1-2A/P2 junction is not catalyzed by 3C or L; (iv) the proteolytic processing of polyproteins from the structural P1 region (except VP4/VP2) and the nonstructural P2 and P3 region is catalyzed by 3C.
translationally because the full-length polyprotein is not normally observed in infected cells or during in vitro translation of FMDV RNA in the reticulocyte cell-free system (12) .
The proteolytic processing of FMDV and other members of the Picornaviridae family has been examined by using pulse-chase experiments (3, 22, 25, 39, 44, 46) . Processing * Corresponding author.
can be inhibited by adding zinc, iodoacetamide, or Nethylmaleimide to the infected cells or viral RNA-directed reticulocyte lysates (5, 30, 39) . On the basis of nucleotide sequencing and microsequencing of the amino and carboxy termini of radiolabeled proteins, it was shown for poliovirus that proteolytic cleavages occur between glutamine-glycine, tyrosine-glycine, and asparagine-serine pairs (27, 35) . The exact conditions required for a peptide pair to serve as a processing site are not known, but it is clear that the presence of the peptide pair alone is not sufficient for cleavage, because several peptide pairs that would be expected to be cleaved are not used by the processing proteases (27) . In FMDV, several of the 13 sites that must be cleaved to give rise to mature proteins occur at amino acid sequences that bear similarity to the glutamine-glycine sites of poliovirus. However, for FMDV, either glutamic acid or glutamine may be present and serine or threonine may be substituted for glycine. Other cleavage sites in FMDV show even greater diversity from poliovirus sites (6, 9, 41) .
The 3C protein has been identified as a protease in encephalomyocarditis virus (EMC virus) (37, 38) , poliovirus (18, 19, 23) , and FMDV (29) . For poliovirus, 3C has been shown to be required for processing of glutamine-glycine sites (18) . Because of the lack of homology of many of the FMDV processing sites to the analogous poliovirus and EMC virus sites, cellular and other viral proteases have been suggested as being required for FMDV maturation. Recently, the leader protein of FMDV type 01 has been identified as a protease and has been shown to process the L-P1 junction (45) . In the present study, several cDNA clones of FMDV (type A12, strain 119ab) were constructed.
In vitro transcription and translation of these clones has allowed determination of the role of the (41) . The DNA plasmid pT416 (positions 4290 through 6660) was constructed by using techniques previously described (10, 28, 41, 48) . Construction of plasmid pVVLP1 was carried out by the published procedure (16 (17) . FMDV (type A12, strain 119ab) was grown and purified, and virion RNA was isolated as previously described (11, 13 Fig. 1 ). In vitro transcription. In vitro transcription reactions were carried out as described previously (34) figure. The coding region of the genome is drawn to scale, and the proposed nomenclature is used (43) . The major and alternate translation initiation sites are marked by a solid and a broken arrow, respectively. VPg is the viral protein covalently linked to the 5' end of the viral RNA. Selected restriction sites important for the construction of the plasmids are incorporated in the figure: B, BglII; E, EcoRI; H, HindIII; K, KpnI; M, BamHI; 0, XhoI; V, EcoRV; X, XbaI. Parentheses indicate the restriction site being lost or created in construction of the plasmid. The bridged area on pTLP13C represents deletion of the coding region between XhoI sites. All plasmids for the in vitro synthesis of virus-specific RNA contain a T7 promoter at their 5' end. All pTL series of plasmids contain the coding sequence of the L (from the major initiation site followed by the EcoRI site) and the P1, P2, and P3 regions of the FMDV genome, as shown. The unique EcoRV site present in the coding sequence of the viral protease 3C is shown for clone pTLP123, which was linearized at that site. All pTR series of plasmids contain 400 bases of the noncoding sequence (from the XbaI site) and the coding regions L, P1, P2, and P3 of the genome. However, all pTP series plasmids differ from the pTL and pTR series in that they lack the coding region of L'/L. 3C were prepared in rabbits (14) . Antiserum against inactivated FMDV (type A12, strain 119ab) was made in guinea pigs (20) . Antiserum against 2A (previously called X) was prepared by subcutaneously injecting guinea pigs with 200 pLg of the synthetic peptide Asn-Phe-Asp-Leu-Leu-Lys-LeuAla-Gly-Asp-Cys, which was coupled to keyhole limpet hemocyanin by using m-malemidobenzoyl-N-hydroxysuccinimide ester (32) and emulsified with complete Freund adjuvant. Boosters were given at 3-week intervals, using alum as the adjuvant. Serum samples were collected 4 days after the fifth injection. The peptide represents the first 10 of the 16 amino acid residues making up the X region (41), which is now referred to as 2A.
Immunoprecipitation. In vitro translation lysates were preincubated with Staphylococcus aureus bearing protein A to minimize nonspecific protein binding and then immunoprecipitated as described previously (21) . Guinea pig antisera were used at a final dilution of 1:40, and rabbit antisera were used at a 1:4 dilution. When indicated in the figure legends, lysates were denatured by the addition of sodium dodecyl sulfate (SDS) and dithiothreitol to final concentrations of 1% (wt/vol) and 1 mM, respectively, heated to 100°C for 5 min, and then diluted 10-fold with buffer (21) before being preincubated with S. aureus bearing protein A. The eluted immunocomplexes were analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) as previously described (14, 31) .
In vitro translation of FMDV-specific synthetic RNA and the processing of the leader protein. RNA (Fig. 1) . For all of the pTL plasmids, the encoding of the polyprotein initiated from the major initiation site in the L region (an NdeI site followed by an EcoRI site) and terminated after 20 codons of gene region of L'/L was deleted and the encoding of the polyprotein initiated near the L-P1 junction (Fig. 1) .
For the expression of FMDV cDNA clones, plasmid DNA was transcribed in vitro and the RNA transcripts thus obtained were used to direct translation reactions in a rabbit reticulocyte cell-free system. The in vitro translation products were analyzed by SDS-PAGE either directly or after being identified by immunoprecipitation.
Processing of the leader/Pl junction. Analysis of the translation products derived from clones pTLP1 and pTLPlA yielded a band at MW 16,000 that comigrated with the leader protein, L (Fig. 2) . Similarly, the translation products derived from clones pTRP1 and pTRPlA also yielded the same products as the corresponding pTLP clones, except for the appearance of an additional minor protein band at MW 20,000 that corresponded to the alternate leader protein, L' (data not shown). These results indicate that L' and L are processed from the structural protein precursor, P1, in the absence of any P2 or P3 region proteins and support the conclusion of Strebel and Beck (45) [41] ) made it possible to prepare a polyprotein that lacked the carboxy-terminal portion (MW 9,000) of 3C protease. On the basis of the conservation in FMDV 3C of cysteine and histidine residues that have been shown to be involved in the active site of poliovirus 3C (23), translation of RNA transcripts from EcoRV-linearized pTLP123 would yield a truncated 3C missing these residues and thus lacking proteolytic activity.
The translation products from clone pTLP123 linearized at the SspI site were processed into mature proteins indistinguishable from those produced in an FMDV RNA-directed translation, except that the full-length 3D and 3BCD complexes were not produced, owing to the truncation of 3D in this clone (Fig. 4A, lane RL) . This analysis was confirmed by immunoprecipitation of this lysate with antisera against inactivated virus (lane IV) or against nonstructural proteins 2B, 2C, 3A, and 3C (Fig. 4A , lanes 2B to 3A, and data not shown).
The protein products of clone pTLP123 linearized at the EcoRV site, however, were processed into just three bands: the leader protein, P1-2A, and P2-P3 up to the truncated 3C (designated P2-P3') (Fig. 4B, lane RL) . The interpretation of these results, confirmed by immunoprecipitation (lanes IV to 3C), is that the putative leader protease and the unidentified protease that cleaves the P1-2A/P2 junction are active but 3C is inactive. Polypeptide P1-2A was the only band immunoprecipitated with antisera against inactivated virus (Fig. 4B , lane IV), indicating that 3C is responsible for the processing of P1-2A into VPO, VP3, and VP1. Antisera against 2B, 2C, 3A, and 3C each precipitated only the fused P2-P3' precursor (Fig. 4B, lanes 2B to 3C) , demonstrating that 3C is required for the processing of P2 and P3 into mature nonstructural proteins and for the cleavage of the P2-P3 junction.
It should be noted that in pTLP123 (SspI) lysates and in FMDV RNA-directed control lysates, the nonstructural proteins 2B, 2C, 3A, and 3C tended to participate in multiprotein complexes even after they had been proteolytically processed. This conclusion is based on the observation that antisera against 2B, 2C, and 3A all precipitated the same group of precursor and mature proteins from the lysate unless the lysates were denatured by treatment with SDS, dithiothreitol, and heat prior to reaction with antisera, as described in Materials and Methods. This denaturing treatment diminished precipitation of nonspecific mature proteins, retaining reactivity with the specific mature protein and their nonproteolytically processed precursors. (Lysates denatured prior to reaction with antisera are indicated with a plus sign in Fig. 4 .) However, denaturation of the lysate J. VIROL. eliminated reactivity with anti-3C antibody, suggesting that its binding may require a native protein.
Clone pTLP13C, which contains coding capacity for L, P1-2A, the MW-11,000 amino-terminal sequence of 2B (designated 2B'), the carboxy terminus of 3B1 (MW 1,964), 3B2, 3B3, 3C, and the MW-20,000 amino-terminal sequence of the polymerase (designated 3D'), was used to assess the possible role of proteins 2B, 2C, and 3A in proteolytic processing. The [35S]methionine-labeled translation lysate of pTLP13C was processed to L, mature VPO, VP3, VP1, and a number of other products (Fig. 4C, lanes RL and IV) . In addition, VP1 (1D) antiserum was able to precipitate structural proteins VP1, VPO, and VP3 along with their precursors when the lysate was used as an antigen, but just VP1 and its precursors when the denatured lysate was used as antigen (Fig. 4C, lanes 1D and 1D +) . This indicates the ability of the structural proteins derived from this clone to participate in protein complexes. Antisera against 2B precipitated two precursors: 2B'-3BCD' (MW 64,000) and 2B'-3BC (MW 42,000). The final processed 2B' fragment was too small to be resolved on this gel and migrated with the dye front. Antisera against 2C and 3A did not react with any products (data not shown), which was expected owing to deletion of these coding areas. Protease 3C was precipitated by antisera against 3C (Fig. 4C, lane 3C) , as were the precursors identified by 2B antiserum (see above). A precursor at an apparent MW of 25,000 was precipitated by 3C, but not by 2B antiserum; it may represent 3BC.
On the basis of the results with clone pTLP13C, it is possible to conclude that the carboxy end of 2B and all of 2C and 3A are not responsible for any of the processing of the P1 region, because this processing occurs in the absence of these gene products as long as full-length 3C is present.
The leader-deleted clone pTP123, as predicted, lacked the leader protein band at MW 16,000. This clone was not as efficiently translated and processed, but was otherwise identical to pTLP123 (data not shown), indicating that the leader protein was not involved in the processing of the P1, P2, and P3 precursors into mature products.
Processing of pTLP123 (EcoRV) products by proteases from an FMDV RNA-directed lysate. As that they have not lost the ability to be processed as a result of improper folding due to truncation of the polyprotein. FMDV RNA was translated in the presence of nonradiolabeled methionine for 2 h to allow synthesis of viral proteases. Simultaneously, a [35S]methionine-labeled translation of pTLP123 (EcoRV) was carried out for 2 h, and protein elongation was then terminated by the addition of 200 FM sparsomycin. The pTLP123 (EcoRV) lysate was mixed with equal volumes of either the unlabeled FMDV lysate or a mock lysate translated in the absence of FMDV RNA. The mock lysate served as a control for the possibility that a protease contained in the reticulocyte lysate was responsible for processing. Sparsomycin was added to prevent synthesis of radiolabeled products from FMDV RNA during mixing of the lysates. After being mixed, the lysates were kept at room temperature for 20 h and then analyzed by SDS-PAGE.
The result of a mixing experiment is shown in Fig. 5 Moreover, the addition of FMDV-infected cell lysates, but not control lysates, resulted in similar processing (data not shown). Therefore the specific proteins encoded by FMDV were necessary and sufficient to achieve processing of pTLP123 (EcoRV)-derived protein precursors, indicating the suitability of these precursors to serve as substrates for proteolysis despite the artificial truncation of the polyprotein encoded by this clone.
A labeled translation lysate of pTLP1 was also examined for processing by an unlabeled FMDV RNA-directed lysate. The addition of unlabeled FMDV proteins resulted in further processing of the P1' precursor into VPO, VP3, and VP1' (Fig. 5, lane 4) . The truncated VP1' migrated slightly faster than full-length VP1 on SDS-PAGE, as expected. These results indicate that a full-length P1-2A precursor is not necessary to serve as a substrate for processing. It was recently shown that cloned P1' precursor of poliovirus lacking VP1 is not processed by exogenous protease (34a).
Mapping of the 2A region. Unlike other picornaviruses, FMDV has a very short 2A protein. From the nucleotide sequence and microsequencing of the VP1 carboxy terminus and the amino terminus of 2B, it was discovered that 16 amino acids occupy the region between these two proteins Samples were analyzed by PAGE on a 12.5% slab gel. Lanes: 1, pTLP1; 2, pTRP12; 3, purified FMD virion RNA; 4, pTLP123; 5, pTLP13C; 6, pTLP12; M, lysate directed by purified FMD virion (6, 41) . The fate of this oligopeptide during proteolytic processing has not been studied previously.
Antiserum was prepared against a synthetic peptide corresponding to the 10 amino acids at the amino terminus of 2A. The antiserum, which was reactive with the eliciting peptide in a radioimmunoassay (data not shown), was used to immunoprecipitate the labeled proteins derived from various clones. The clone pTLP1, which lacks the 2A region (and also lacks the terminal 16 amino acids of VP1), was used as a control to demonstrate that the antiserum does not recognize possible cross-reacting sequences in the P1 region (Fig. 6, lane 1) . In the lysates resulting from each of the longer clones, a band was precipitated at MW 91,000, corresponding to P1-2A (lanes 2 to 6). This indicates that in FMDV, 2A remains associated with the structural protein precursor during primary processing.
Microsequencing of the carboxy terminus of the MW-91,000 protein band was not performed; therefore it is not known whether all 16 amino acids of 2A remain associated with P1. We have not excluded the possibility that an immunoreactive piece of 2A is processed with P1 and that some portion of 2A, not detected by this antiserum, remains associated with P2.
In the lysates of clones containing an active 3C protease, a band at MW 28,000 is sometimes observed just above the structural proteins VP3 and VP1. This band reacts with both antisera against 2A and VP1 (Fig. 6, lane 5, and Fig. 4C , lane 1D) and presumably represents VP1-2A prior to proteolytic removal of 2A to yield mature VP1. This result is consistent with the mapping of 2A at the carboxy terminus of the P1-2A precursor, where during secondary processing of the P1-2A precursor by 3C protease, the VP3-VP1 cut is made prior to the VP1-2A cut.
DISCUSSION
Picornavirus replication is dependent upon proper proteolytic processing of a polyprotein to yield mature structural and nonstructural proteins. Recent experiments with various members of this family have revealed important differences in the processing strategies used by different viruses.
In poliovirus, the prototype for picornaviruses, the polyprotein is cleaved at three types of sites: glutamineglycine, tyrosine-glycine, and asparagine-serine (35) . Poliovirus contains 12 utilized cleavage sites, 9 of which are of the glutamine-glycine type (27, 35) . The poliovirus-encoded protease 3C cuts the polyprotein at these glutamine-glycine sites (18) . Antibodies against 3C inhibit cleavage at glutamineglycine sites but not at the two utilized tyrosine-glycine sites, which occur at 1D-2A and within the 3D protein. This observation led to the identification of a second protease, 2A, which processes the tyrosine-glycine site within 3D and may also cleave the 1D-2A junction (47) . The asparagineserine site is utilized only once, at lA-lB (the processing of VPO into VP4 and VP2), and this cleavage occurs during final assembly of the virus (26) . It has been suggested for another picornavirus, human rhinovirus 14, that this cleavage is catalyzed by nucleophilic attack of the Ser-10 3-hydroxyl of VP2, resulting in a reaction similar to that of a serine protease. Because there is no base analogous to the histidine of the serine proteases, it has been proposed that the base is provided by the entry of the viral RNA into the empty capsid (1, 42) .
On the basis of nucleotide and protein sequences, FMDV would be expected to differ significantly from poliovirus in its processing. For FMDV, at least 13 cleavage sites are utilized to produce the structural and nonstructural proteins. Many of the proteolytic processing sites on the FMDV polyprotein show no similarity to the analogous regions in poliovirus. Another important difference exists for the 2A protein (MW 34,000), which has been shown to have proteolytic activity for tyrosine-glycine sites in poliovirus, whereas 2A of FMDV is a 16-amino-acid oligopeptide and is unlikely to be a protease, because of its small size and because tyrosine-glycine sites are not utilized in processing. However, FMDV, in contrast to poliovirus, encodes leader proteins which have been implicated in processing the leader-Pl site (45) . Because of these differences between poliovirus and FMDV, it was necessary to study the role of the two putative proteases of FMDV, 3C and L, in the processing of the FMDV polyprotein.
The results of this study show that four different types of proteolytic processing occur in FMDV. The putative leader protease, L, is required for cleavage at the leader-Pl junction (45) (Fig. 2) . Leader and alternate leader proteases are not needed for any of the other cleavages to generate mature FMDV proteins, as demonstrated by comparison of the leader-deleted clones (pTP12 and pTP123) with leader-containing clones (pTLP12, pTLP123, pTRP12, and pTRP123).
The second type of cleavage in FMDV is that catalyzed by 3C protease. The specificity of FMDV 3C has been determined to be far less stringent than that of poliovirus, which utilizes only glutamine-glycine bonds. All of the processing of FMDV proteins from the nonstructural P2 and P3 regions and between these regions has been attributed to 3C. It was not possible from this study to definitively assign the cleavages at the three VPg and 3C-3D sites. However, the glutamic acid-glycine bonds that are present at these sites also exist at the 3A-3B junction which is cleaved by 3C; therefore it is most probable that all processing of the P2 and P3 regions is catalyzed by 3C protease. The processing within the P1 region is catalyzed predominantly by 3C, the sole exception being the third type of cleavage, which occurs at VP4-VP2 (lA-1B) during viral assembly. The mechanism of this cleavage may be similar to that proposed for HRV-14 (see above), but because FMDV lacks the VP2 Ser-10 present in HRV-14, the agent of the nucleophilic attack remains to be elucidated.
The fourth and final type of cleavage in FMDV occurs at P1-2A/P2. Data presented here indicate that on initial processing, some, and possibly all, of the 2A oligopeptide is associated with the P1 region. This situation is different from that of poliovirus, in which processing occurs at P1-P2 and 2A remains associated with P2 after initial processing (35) . Processing of FMDV at this site is more similar to that of EMC virus, which encodes 2A protein that remains associated with the P1 region after initial processing at P1-2A/2B (39) . The protease responsible for cleaving P1-2A/2B in FMDV has not been identified, but neither L nor 3C is involved, because this cleavage occurs in clone pTP12, which lacks both proteases. The P1-2A/2B site is processed in clone pTLP13C, which lacks the carboxy terminus of 2B and all of 2C and 3A, ruling out the involvement of those deleted proteins in the processing. The results support the hypothesis that a host protease cleaves this site (4); however, we cannot exclude the possibility that the P1-2A/2B site is cleaved by an unidentified proteolytic activity associated with P1-2A or with the amino-terminal 11,000 daltons of 2B.
Despite the similarity of FMDV (24) . The protease responsible for 2A-2B processing in EMC virus therefore may be a protease different from 3C (24) . The protease responsible for processing the tyrosine-proline site at 1D-2A in EMC virus (36) also remains unidentified, but it has been suggested that 3C is involved (24) . If this turns out to be the case, then FMDV will again bear a closer similarity to EMC virus than to poliovirus in regard to proteolytic processing.
It is necessary to note that the activities that have been attributed to 3C are based in part on work with clone pTLP123 linearized at the EcoRV site. The RNA produced from these clones is deficient not only in the carboxyterminal 9,000 daltons of 3C but also the amino-terminal 20,000 daltons of 3D that is present in clones linearized at the SspI site. Therefore it is possible that the amino terminus of 3D is responsible for the processing of sites we have attributed to 3C. This is highly unlikely, because 3D is associated with an RNA-dependent RNA polymerase activity (14, 40) , whereas 3C has been shown to be a protease (29) .
On the basis of the above results, a biochemical map of the FMDV genome is presented (Fig. 7) , showing viral RNA, its encoded precursor proteins, and the processed mature proteins.
